Introduction
A problem of long standing in evolutionary biology has been the dearth of genetic data about groups of organisms whose evolutionary history is well documented. Such data are needed to test a broad range of questions, including questions about the relative efficacy of different computer algorithms for deducing phylogenies, the degree of concordance of different types of data used in phylogenetic analyses, and comparative rates and patterns of evolutionary divergence among taxa ( Atchley and Fitch 199 1; Hillis and Bull 199 1; Hillis et al. 1992) . As the number and diversity of computer algorithms for estimating phylogenetic relationships increase, and as a greater diversity of types of data is employed for evolutionary studies, it becomes increasingly important to have groups of organisms of known relationships on which evolutionary hypotheses can be tested and methodology evaluated. In recent years, it has become evident that inbred strains of mice are valuable model organisms for studies in evolutionary biology, particularly at the molecular level (e.g., see Fitch and Atchley 1985, 1987; Atchley et al. 1988; Atchley and Fitch 199 1; Sage et al., accepted) . The value of inbred mice for evolutionary studies stems from several attributes. First, the genealogy of a number of genetically highly differentiated strains is known with considerable certainty. Knowing genealogical relationships and levels of genetic similarity provides a benchmark on which researchers can evaluate the relative efficacy of various phylogenetic algorithms, determine the relative information content of various types of data, and examine other biological phenomena by using taxa of known degrees of relatedness.
Second, there are extensive genetic data available at several different levels of organization that can be used for phylogenetic analyses. These data include DNA sequences, simple-sequence-length polymorphisms, restriction-fragment-length polymorphisms (RFLP), major nuclear genes, retroviral genotypes, mitochondrial DNA (mtDNA), X-and Y-chromosome sequences, and skeletal morphology (Ferris et al. 1983; Bishop et al. 1985; Atchley et al. 1988; Festing and Roderick 1989; Atchley and Fitch 199 1; Dietrich et al. 1992; Tucker et al. 1992) . Third, there are >300 known inbred strains of mice, and many can be purchased "off the shelf" for experimental analyses. Indeed, no other group of organisms whose genealogy is reasonably well known has such extensive genetic data readily available as the laboratory mouse.
Because of their potential value for evolutionary studies at the molecular level, it is important to expand as much as possible the number of inbred strains of mice that have well-documented genealogies. There are a number of widely used inbred strains whose genealogy is poorly known, including AKR, SWR, and SJL. Strains with obscure origins often exhibit phenotypic diversity in traits of importance to a diverse set of researchers. However, because the genealogies of these strains are poorly known, they must be excluded from studies comparing strains of known degrees of relatedness. Clarifying the phylogenetic relationships among these poorly known strains would significantly expand the number of organisms with known evolutionary affinities that can be used in comparative evolutionary analyses. Determining genealogical relationships among the large number of available inbred strains of mice has been difficult for several reasons. First, during the early history of inbred mice, mice from a small number of stocks held in a few laboratories like Cold Spring Harbor Laboratories, the Bussey Institute, and the Rockefeller Institute probably contributed differentially to the genomes of the present-day inbred strains of mice. It is unfortunate that historical records describing the origins of some of these original stocks and how they were involved in producing the current strains of inbred mice are either vague or nonexistent. Second, determining phylogenetic affinities among inbred strains is complicated by the fact that many of the so-called old inbred strains of mice (those involved in the present study) include genetic components from at least two different species, i.e., Mus musculus and M. domesticus (Ferris et al. 1983; Blank et al. 1986; Bonhomme 1986; Bonhomme et al. 1986; Tucker et al. 1992 ). Third, many present-day inbred mouse strains were originally produced from crosses among mice from several different and often unknown lineages. The resultant reticulated pattern of ancestry makes accurate estimation of genealogical relationship difficult. Fourth, primary genetic data from different levels of organization (e.g., mtDNA, Ychromosome types, protein-coding loci, immune coding loci, and morphology) often give different estimates of phylogenetic relationships (e.g., see Atchley et al. 1988; Atchley and Fitch 199 1) .
Thus, to expand the database of strains of mice that are of value in evolutionary studies requires that independent measures of genetic distance must be available that can be used to provide unbiased estimates of genealogical relationships among mouse strains of uncertain origins. For a large number of inbred mouse strains, we (Atchley and Fitch 199 1) recently used an extensive suite of 144 gene loci to test some important evolutionary hypotheses about the robustness of structured subsets of loci to produce concordant phylogenetic trees. These and previous analyses (Fitch and Atchley 1985, 1987) have shown that this extensive set of genetic data provides an accurate recapitulation of the genealogical relationships among mice of known origins and affinities.
Herein, we use this set of 144 gene loci to evaluate a previously untested model of genetic divergence in inbred mouse strains and to estimate the genealogical affinities among 10 widely used inbred mouse strains whose origins are not well known. Further, since publication of Atchley and Fitch ( 199 1) ) new information about the origin and type of the paternally inherited Y chromosome has become available (Tucker et al. 1992) . Integration of the Y-chromosome findings with the analyses of the 144 loci can clarify the genetic relationships among several inbred strains of uncertain genealogical origin. As a consequence, we can significantly broaden the database available for subsequent phylogenetic analyses at the molecular level.
Material and Methods
Twenty-four inbred mouse strains are examined in these analyses. These strains, together with their coat color, are as follows (in alphabetic order): 129 (pale yellow), A (albino), AKR (albino), BALB/c (albino), BDP (fawn), BUB (albino), C3H (agouti), C57BL (black), C57BR (brown), C58 (black), CBA (agouti), CE (gray), DBA/ 1 (gray), DBA/2 (gray), I (fawn), LP (agouti piebald), NZB (black), P (fawn), RF (albino), SEA (gray), SEC (pale brown), SJL (albino), ST (albino), and SWR (albino). The coat-color designations are those given by Festing [ 1979 (pp. 14 l-237 ) ; 19891. These 24 strains were deliberately chosen to include some of the most widely used inbred mouse strains, as well as commonly used stocks of uncertain origin. The origins and known genealogical affinities of these strains are shown in figure 1A . The 10 strains in these analyses whose origins are unclear are delimited in figure IA and consist of AKR, BUB, CE, I, NZB, P, RF, ST, SJL, and SWR. Additional discussions about the genealogy of these 10 strains are provided at appropriate intervals in the Results section of this paper, since their inclusion at that point facilitates summarizing the results of the analyses.
We analyzed 144 discrete major gene loci obtained from Roderick and Guidi ( 1989) . These loci are listed in the Appendix. Mice within each strain are homozygous at each locus because all strains have been brother X sister mated for a-30 years [ Festing 1979 [ Festing (pp. 137-266), 1989 Staats 19851 . There are some instances in the early history of various inbred mouse strains where the strains may not have been systematically inbred for short periods. However, these instances are irrelevant to our analyses, since 230 years of systematic brother X sister mating has ensured that there is no genetic variation within strains. However, as will be seen later, there is extensive genetic variation among strains.
Only cladistically informative loci are used in these analyses, i.e., those with at least two alleles, each present in two or more strains. When genetic differences exist among sublines of any of these strains, the Jackson Laboratory subline was chosen as the standard.
A matrix of pairwise genetic distance values (D) was computed for the 24 strains on the basis of all 144 loci (table 1) genetic data are available for both strains. Thus, in table 1, strains A and 129 differ at 48.8% of the 129 loci examined. We are including this matrix to facilitate discussions about the amount of genetic similarity among inbred strains related to questions about the genetic affinities of mouse strains whose history is obscure. Further, this information is important to researchers wishing to choose mouse strains for other types of experimental analyses. A phylogenetic tree was produced for these data by using the unordered-character-states parsimony algorithm described by Fitch ( 197 1) . A bootstrap procedure was used to estimate statistical confidence for individual branches given by the phylogenetic analysis. The bootstrap procedure sampled the loci by means of replacement as many times as they were present in the original data set. The ANCESTOR program of Fitch ( 197 1) was used to find a most-parsimonious tree, and each clade of that tree was given a unit of support. If there were t equally most-parsimonious trees, each clade of each most-parsimonious tree received 1 /t units of support. By repeating this procedure 100 times, the units of support could be O-100 and hence could be treated as a measure of the data's support of the tree. However, under circumstances
where not all most-parsimonious trees are guaranteed to be found (and that is the case here) and where those found are not a random sample of all of them, the measure of support is biased in a way that would slightly inflate that estimate ( W. M. Fitch, unpublished data). Nevertheless, because clades of trees with no measures of support give the appearance of being more certain than trees with them, we believe that presenting those values is more likely to reduce, rather than inflate, the reader's confidence in the results. Bootstrap values indicate the robustness of the data for a given result, not the representativeness of the data or the probability that the correct tree has been found.
Our earlier work (Fitch and Atchley 1985; Atchley and Fitch 199 1) has shown support for the idea that, during the time course of the evolution of the strains we have studied, the changes are (perhaps exclusively) the result, during the inbreeding regime, of the loss of residual heterozygosity.
It is thus possible that a phylogenetic reconstruction process, based solely on the loss of alleles as inbreeding proceeds, would produce a better result. Accordingly, we adapted the Camin-Sokal model of evolution from Felsenstein's PHYLIP package to carry out a loss-parsimony analysis. The adaptation of the algorithm is as follows: We note first that, in that procedure, the states are 0 (primitive) and 1 (derived), and O+ 1 is allowed, but 1-O is forbidden. Thus, there is a nonreversibility of evolutionary change with this model. Further, if one views the "0" as meaning that the allele is present, and if one views the " 1" as meaning that it has been lost, then it is only necessary to treat each allele as a separate character, present ancestrally.
The resulting most-parsimonious tree is the tree that minimizes the number of losses.
With one exception, the loss-parsimony method appears to be theoretically correct for describing the genetic divergence in inbred mouse strains. The exception is that all of these mice were the descendants of a recent cross of one male mouse and one female mouse. It is unclear the degree to which the failure of this assumption affects our ability to discover the correct relationships. It is clear, however, that the assumption is violated by those loci which have five or more alleles. If these mice were the result of a single cross (say, a Mus domesticus female and an M. musculus male) there could have been, at most, four different alleles at that locus. A fifth allele means that either another mouse contributed to the genes (violating our assumption of only two mice) or a mutation has subsequently appeared (violating the assumption of all change being the loss of residual heterozygosity ). Nevertheless, a few alleles of that sort may not prevent us from getting reasonable trees for the data that may be partially validated Atchley and Fitch ( 199 1) described the concordance between the known genealogy of these strains and genetic divergence at 144 loci. Additional important information about genetic divergence not included in Atchley and Fitch ( 199 1) relates to both the clonally inherited Y chromosome of males and the mtDNA in females. Tucker et al. ( 1992) provided extensive information from molecular analyses on the origin and type of Y chromosome for 39 inbred strains, including the 24 strains examined here. Using five Y-chromosome-specific molecular probes, these authors identified six distinct Y chromosomes that were derived from two separate species, i.e., M. musculus and M. domesticus. Ferris et al. ( 1983 ) examined the mtDNA patterns for 50 inbred strains of mice and found that all of these inbred mouse strains contained the M. domesticus type of mtDNA. The mtDNA genotypes are known for 18 of the 24 strains examined in this paper. The mtDNA genotypes are the same for the so-called old inbred strains, including C57BL, C57BR, C58, CE, 129, SWR, SJL, DBA/l, DBA/2, AKR, CBA, C3H, BALB/c, and A. The only exception is NZB, which has a different mitochondrial genotype. The mtDNA for the remaining nine strains has not been typed, i.e., strains LP, BUB, BDP, P, I, ST, RF, SEA, and SEC.
As done elsewhere ( Atchley and Fitch 199 1 ), we use the term "genealogical relationships"
for affinities among strains known from the original crossing experiments. "Phylogenetic relationships" refers to estimations of affinities inferred from analyses of the genetic data.
Results

Phylogenetic
Affinities of Strains of Previously Known Origins Table 1 gives the matrix of pairwise genetic distances among the 24 inbred mouse strains. A phylogenetic analysis for the entire collection of 144 cladistically informative loci, by using the parsimony algorithm (Fitch 197 1 ) , is given in figure 1 B. Two equally parsimonious trees of length 565 were produced for these data. The only difference between the two trees was the placement of strain NZB, which is described by a dashed line in figure 1. Perusal of figures 1 A and 1 B shows that close agreement exists between the known genealogical relationships ( fig. IA ) and the phylogenetic analyses of these genetic data ( fig. 1 B) .
The phylogenetic analysis gives the correct evolutionary relationships in all instances where the genealogical relationships are known between a pair of strains. Thus, the estimated phylogenetic tree in figure 1 B gives the correct genealogical relationships for the C57-C58, LP-129, DBA-BDP, CBA-C3H, and BALB-SEA-SEC-A lineages as described in figure 1A . Minor discrepancies sometimes arise when crosses among strains were originally used to produce mouse strains. Crosses between strains lead to a reticulated pattern of evolutionary divergence. The computer algorithm produces a conventional bifurcation and thus necessarily omits a connection to one of the two hybridizing lineages, presumably the one contributing the fewer alleles to the set of loci being examined.
Loss-Parsimony Analyses
The mtDNA evidence (Ferris et al. 1983) suggests that all of these so-called old inbred strains of mice (except NZB) have the same mtDNA sequence, and, as a result, all of these strains could have been derived from the same female mouse. Thus, one hypothesis to be tested is whether the observed patterns of genetic change for these 144 loci simply founding mice. reflect the segregation of the original heterozygosity found in the We carried out a loss-parsimony analysis to explore further the residual heterozygosity hypothesis. The Camin-Sokal algorithm used for this analysis (Felsenstein's PHYLIP package, version 3.4 1) adds a hypothetical taxon to the analyses which represents a putative ancestral mouse population.
This hypothetical population had a genome representing all of the alleles known for each locus. By constructing a highly heterozygous hypothetical mouse strain, we make the assumption that no new mutations have become fixed and that the current distribution of alleles among the various mouse strains (the gene tree) results from segregation of residual heterozygosity.
The loss-parsimony algorithm has the further assumption that a primitive state evolves to a descendant state but a descendant state never moves to a primitive state. The optimal phylogenetic tree is the one where the number of allele losses is minimized, i.e., the shortest tree. The loss-parsimony analysis gave a single most-parsimonious tree and provided four clades of taxa ( fig. 2 ). The first clade includes A-SEC-BALB and C3H-CBA-CE. The second clade includes SEA-BDP-P and DBA/ 1 -DBA/ 2-I-NZB. The third clade includes AKR-RF-ST and BUB-SWR-SJL. The fourth clade includes C58-C57BR-C57BL and 129-LP. As seen in figure 2, the loss-parsimony results agree very closely with the known genealogy of these 24 strains.
Comparing these results from the loss-parsimony analysis with the previously described unordered-parsimony analysis shows two types of differences, which are delimited by arrows in figure 3 . First, the fine-scale relationships among pairs of taxa at the tips of the branches are very similar to the parsimony analyses. There are two exceptions. SEA is placed in a clade with BDP and P, as opposed to being placed in a clade with BALB/c and SEC in the parsimony analyses. While this seems to be a rather marked change, what it actually reflects is the problem with reticulated evolution in phylogenetic analyses. SEA was produced by crossing BALB /c with P and inbreeding the progeny. Thus, in the parsimony analyses SEA is placed with one parental strain (BALB/c), while, in the second analysis, it is placed with the other parental strain (P). When we deal with reticulated evolution, both depictions are equally correct.
Included in these fine-scale differences is the placement of strain NZB. In the unordered-parsimony analyses, there are two equally parsimonious results. One places NZB in the lineage involving BUB, SWR, and SJL, while the other places it with DBA and I. In the loss-parsimony analyses, NZB is placed in the DBA-I clade. NZB is an inbred strain of uncertain origin in that it has a distinct Y-chromosome type and an unusual variant of the mtDNA sequence.
The second major difference between these two analyses occurs in the relationships among the deeper nodes in the trees, i.e., the way the four various clades described above are joined. These differences in the deeper nodes are probably not simply the consequence of poor data. Rather, they may be the result of forcing all alleles to arise only once. In the usual unordered-parsimony solution, an allelic form can seem to arise more than once. This appearance need not mean that the mutation involved arose on two or more occasions. An equally valid interpretation is that the allele was introduced into the population more than once. Thus, the failure of the heterozygosityreduction tree to match the parsimony tree given in figure 1 at the deep nodes may well be the unreality of not permitting the same allele to be reintroduced into the population from another lineage. The cladograms from these two phylogenetic analyses are very similar, particularly in light of the two quite different biological models that underlie the unorderedand loss-parsimony analyses. The differences between the two trees are minor, and most can be reconciled when one considers the known genealogical relationships of the various strains.
Y-Chromosome Relationships
In figure 3 , we have superimposed the information about the type and origin of the Y chromosome (Tucker et al. 1992 ) onto both the unordered-and loss-parsimony trees resulting from the 144 loci. We have slightly altered the naming of the Y-chromosome types given by Tucker et al. ( 1992) to facilitate discussion.
The loss-parsimony analysis gives only one clade with a Mus domesticus Y-chromosome lineage, i.e., the SJL-AKR lineage. AKR and RF exhibit the U.S. domesticus sequence, while SJL, SWR, BUB, and ST have the European domesticus sequence. In this regard, the loss-parsimony analysis is preferred to the unordered-parsimony tree. In explaining the presence of the M2 type of Y chromosome in CBA and C3H, it must be remembered that CBA and C3H were formed by a cross from the DBA strain (which has an M2 Y chromosome) and the Bagg albino strain ( fig. 2 ). The latter strain was later inbred to form BALB/c (which has the M 1 -type Y chromosome). Hence, the original cross producing CBA and C3H must have involved a male from DBA and a female from the Bagg albino stock.
The superimposition of the Y-chromosomal data onto the cladograms clearly demonstrates the multiple paternal origin of the inbred mouse strains and, as will be seen below, helps to clarify the origins of some of these mouse strains.
Number of Mouse Genomes Involved
An interesting question one might ask is, How many distinct mouse genomes were involved in the production of these so-called old inbred strains of mice? There are several different lines of evidence bearing on this question. Because there is only a single mtDNA genotype observed in these particular mice (except NZB), an argument could be advanced that these various strains had a single female progenitor (Ferris et al. 1983 ). However, molecular evidence about the DNA sequence of the Y chromosome indicates that there are six different Y chromosomes representing two separate species found among these inbred strains (Tucker et al. 1992) . A third line of evidence comes from the highly polymorphic H-2 complex of gene loci. There are 2 12 major alleles at the H-2K locus, while the H-2D locus has 10 alleles. If it is assumed that there are no new mutations during inbred line development, then at least six heterozygous mice would be required to produce the observed H-2K diversity.
This discussion suggests that a number of genetically distinct mice were involved in the development of these strains. Under the most optimistic scenario, there had to be at least seven genetically distinct mice involved.
Phylogenetic Affinities of Strains of Previously Unknown Origin
Because of the large number of gene loci involved, these genetic distance estimates provide information about the history of these taxa not found in probabilistic estimates of kinship or in genealogical trees based on historical information. This is because the genetic distance estimates provide large sample data about genetic drift, possible inadvertent contamination of stocks, and genealogical relationships of strains whose origins are not well understood.
As noted in the introduction, the origins and genealogical affinities of several strains included in these analyses have always been unclear. The following discussion Genetic Affinities of Inbred Mouse Strains 116 1 relates to the application in some of these cases. ofthis 1 44-locus data set to resolve questions about ancestry The NB and P Strains SEC and SEA are genealogically related because they share the inbred BALB/c strain as a common ancestor ( fig. 1 A) . However, the genealogical relationships of the other parental strains of SEA and SEC (i.e., P and NB, respectively) to the other taxa used in these analyses have been obscure. SEA was started from a pair of mice arising from an F2 generation cross of BALB/c and P. Thus, the SEA founders contained 50% BALB /c genes. SEC was produced when backcross progeny of F2 generation mice from a cross of strains BALB / c and NB were crossed with BALB / c mice (Lyon and Searle 1989, p. 645; Staats 1985; Festing 1989) . Thus, SEC founders contained 250% and possibly ~75% BALB/c genes. Tucker et al. (1992) showed that BALB/c, SEC, SEA, and P all possess the same type of Y chromosome (type M 1) which was derived from M. muscuZus ( fig. 3) .
NB was a stock of mice of unknown origin which was normal ("N") for vertebral number and housed at Brown University ("B") (E. Green, personal communication). There are, for NB, no genetic data available of the type analyzed here, and the stock has apparently been lost.
These genetic similarity estimates in table 1 provide insight into the affinities of NB and P to other strains. what one might anticipate in backcrosses of the type described in the preceding paragraph. Indeed, the D value of 9.6 between SEC and BALB /c is > D = 11.8 found between DBA / 1 and DBA/2, which were derived from the same inbred DBA stock ( fig. 1) . Thus, these genetic data suggest that NB was either BALB/c or a strain closely related to BALB /c. P shows some genetic similarity to DBA / 1 (D = 36.5 ) but is distantly related to the other strains involved in these analyses (except for BDP, which was derived from strain P). The P strain may have been derived from some of William E. Castle's stocks or perhaps from Clarence C. Little's dilute brown non-agouti (dba) stock.
The SJL Strain
Clara J. Lynch at the Rockefeller Institute obtained two male and seven female Swiss albino mice from A. de Coulon of Lausanne in 1926 (Staats 1968 ) . This original stock probably came from Paris. Lynch made the descendants of these original largely noninbred Swiss mice available to a number of different laboratories. The SWR strain was derived from these original Lausanne mice (Lynch 1969) . Our results suggest that these Swiss albino mice of Lynch may have been involved in the foundation of other inbred mouse strains.
SJL arose from outbred Swiss Webster mice obtained from three sources and brought to the Jackson Laboratory between 1938 and 1943 (Staats 1985 . These mice were pen-bred until 1955 when brother X sister mating was begun. The present analyses indicate that SJL is genetically closely related to SWR (D = 29.3)) suggesting that the SJL and SWR strains had a common origin in Lynch's original outbred Swiss stocks. SWR do not differ significantly. Tucker et al. ( 1992) found that SWR/J and SJL/J share a specific western European type of M. domesticus Y chromosome (type D 1).
The ST Strain
The ST strain was produced -1940 by inbreeding previously pen-bred Danish white mice (Morris 198 1) . ST shows greatest genetic similarity to AKR (D = 29.0) and to RF (D = 29.9). In addition, ST has D values of 34.0 and 37.1 with SWR and SJL, respectively. As indicated in figure 3, all five of these strains have an A4. domesticus Y chromosome (Tucker et al. 1992) . ST has the same Y chromosome as SWR and SJL, but it is a different Y from that found in AKR and RF. The mtDNA genotype for ST is not known.
The 144 One hypothesis which would resolve the genie and Y-chromosome data is that ST was produced from inbreeding after a cross of a male A4. domesticus mouse (of Danish origin) and a female of AKR or RF. The genetic similarity estimates between ST and AKR and RF are 29.0 and 29.9, respectively. Additional data are needed to resolve this question.
The BUB Strain
The BUB strain was founded at Brown University in 1945 from a population of albino mice of unknown origin ( Staats 1985 ) . Analyses of these 144 loci suggest three plausible origins for BUB. The first alternative is that BUB is of Swiss mouse origin.
The greatest genetic similarity is between BUB and SWR (D = 29.2). The parsimony algorithm clusters BUB with SWR and SJL, and these latter two strains are of European origin. The 144 locus data suggest that the founding stock for BUB was the original Swiss mice distributed by Lynch from the Rockefeller Institute. The second alternative is that BUB was derived from DBA. There are two lines of evidence that support this second hypothesis. First, BUB shares a genetic distance of D = 30.9 with DBA/2. Indeed, there is no statistically significant difference between D values of 29.2 (BUB and SWR) and 30.9 (BUB and DBA/2).
Second, DBA/l, DBA/2, and BUB have identical allotypes for 22 endogenous viral loci ( Atchley and Fitch 199 1 ), while BUB and SWR differ at 4 viral loci. The third alternative is that BUB was derived from ST with which it shares a D value of 32.6. Which of these alternatives do the available genetic data support? The Swiss mouse origin for BUB is supported by the Y-chromosome genotype. Tucker et al. ( 1992) found that BUB has the same western European M. domesticus Y chromosome as SWR, SJL, and ST. The mtDNA genotype for BUB is not known. Further, SWR, SJL, and ST all have an albino coat color. However, the data for the origin of inbreeding probably exclude SJL. Inbreeding began -1940 for ST, between 1938 and 1943 for the SWR mice, and in 1955 for SJL. In spite of the greater genie similarity of DBA and BUB, there are two arguments against a DBA origin. First, BUB was derived from albino mice of unknown origin (Staats 1985 ) . BUB mice have an albino coat color, whereas DBA mice have a gray coat color (Festing 1979, p. 188) . Second, DBA and BUB have different Y chromosomes.
What of the data on endogenous viral genotypes? The viral data from Atchley and Fitch ( 199 1) indicate that BUB is identical to DBA/ 1 and DBA/2 at all 22 viral loci. BUB differs at one viral site from strain I, at two sites from P and ST, and at four sites from SWR and SJL. The presence of a viral genotype identical with DBA could be the result of either simultaneous retroviral infection during an early contact with DBA mice or from "genetic" contamination arising from an inadvertent cross with DBA mice at some point.
After these analyses were completed, we obtained additional retroviral data for 20 viral loci (J. Coffin, personal communication).
For these new loci, BUB and DBA/ l-DBA/ 2 differ at several viral loci. For these new viral data, BUB shows most similarity to ST, followed by SJL and SWR. In conclusion, when all of the information presented in this section is considered together, BUB appears to show greatest genetic similarity to ST and SWR, which are mice with a western European origin.
The RF and AKR Strains
In 1928, Jacob Furth purchased a stock of mice from a dealer in Pennsylvania which he designated as "stock A" (Staats 1968; Furth 1978) . This stock was randombred for several generations at the Rockefeller Institute and then was transferred to Oak Ridge Laboratories by Lynch where it was inbred. The A stock eventually became a high leukemia strain (AKR).
The early history of the AKR strain is somewhat obscure, and significant genetic divergence is known to have occurred among several of the substrains of AKR (Acton et al. 1973) .
The origin of the RF strain has always been uncertain. Furth ( 1978) stated that he obtained a stock of mice as a gift from the Rockefeller Institute which he called the "R stock." This stock later yielded the RF inbred strain. Like AKR, RF was maintained at the Rockefeller Institute before being transferred to Oak Ridge Laboratories. Previously, genealogical diagrams suggested that AKR and RF were unrelated ( Altman and Katz 1979, p. 17; Festing 1979; Morris 198 1) . Further, Altman and Katz ( 1979, p. 17) and Morris ( 198 1) suggest that the Swiss mouse stock, which was used to produce SWR, contributed to the genome of RF, since they were both maintained by Lynch at the Rockefeller Institute. However, AKR was not thought to be related to Swiss mice.
The genetic data indicate that AKR and RF have many alleles fixed in common and exhibit genetic similarity (D = 24.8) equivalent to that seen in C57BL and C57BR and between C57BR and 08. Thus, these two strains either share a common origin in the founding population from Pennsylvania or were interbred after development as separate stocks. 
The I Strain
The I strain was one of several strains begun by L. C. Strong in 1926 from 12 pairs of unpedigreed mice that carried various coat-color alleles. Morris ( 198 1) suggests that these mice were obtained from Castle. The Castle mouse stocks were also used by Little to produce the dba. This latter stock was used to produce the well-known DBA/ 1 and DBA /2 inbred strains.
The I strain is genetically very similar to DBA/2 (D = 2 1.1) which is the same level of genetic similarity exhibited by CBA and C3H, which, as noted elsewhere, were derived from littermates.
The pink eye color and fawn coat color in I may be allelic segregants representing the Little dba and Strong pink-eye stocks which gave rise to the DBA and BDP strains, respectively. Tucker et al. ( 1992) 
The Afinities of NZB
NZB is another interesting case for subsequent exploration.
The NZB stock was started at University of Otago (New Zealand) Medical School by M. Bielschowsky in 1948 from a mixed mouse colony brought from Imperial Cancer Research Fund, London, in 1930 (Staats 1985 . Several pairs, selected for similar coat color but having no systematic relationship, were obtained from the medical school colony, and no other introductions have been made. The strains NZC, NZO, NZX, and NZY were also descended from this colony (Bielschowsky and Goodall 1970) . NZB descended from a black pair of segregants in the F3 of NZO.
The mixed-colony origin of NZB is indicated by the phylogenetic analysis ( fig.  1 B) which shows an equally parsimonious association of NZB with two separate lineages. This mixed colony may have included both U.S. and European components as evidenced by the genetic distance values. NZB shares a D of 28.7 with I, 30.3 with DBA/2, 32.3 with ST, 34.4 with BUB, and 34.6 with 129 (table 1) . D values of 28.0-30.0 are observed among inbred strains that were derived from half-sibs (e.g., C58 and C57BL). The genetic similarity of NZB to I, DBA/2, and ST supports the conjecture that mice from both U.S. and European stocks may have been incorporated into the Imperial Cancer mixed colony from which Bielschowsky obtained his stocks.
The latter is further evidenced by possession of an M. musculus Y chromosome and an A4. domesticus mtDNA genotype. NZB possesses a Y chromosome found in only one other strain of inbred mice ( HRS / J ) whose origin is unclear ( Tucker et al. 1992 ) . Further, it has a different type of mtDNA (Ferris et al. 1983 ).
The CE Strain Detlefsen ( 192 1) reported that "on August 3 1, 1920, Mr. J. E. Knight of Weldon, Illinois, who exterminates rodents from corn cribs, poultry houses, and the like, . . . brought to my laboratory a young male mutant mouse which he had captured in a corn crib, located on a farm seven miles from the nearest town" ( p. 469). This particular mutant mouse was used to produce the CE strain. Several authors (Festing 1979, p. 164; Lyon and Searle 1989, p. 638) have suggested that mice which later formed the CE strain were "probably crossed with laboratory mice" before being inbred. These results suggest that, if such crosses were made, they may have been to mice from the lineage containing C3H, CBA, BALB/c, and their relatives. Among the strains included in these analyses, CE is most closely related to C3H (D = 30.8).
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However, CE differs from C3H and CBA in that it has a type M 1 Y chromosome (Tucker et al. 1992) . CE has the same M. musculus Y chromosome as BALB/c, which is different from the Y carried by CBA and C3H. Genetic distance estimates are considerably higher between CE and the DBA strains, i.e., D = 39.6 and 41.5 for DBA/ 1 and DBA/2, respectively.
Discussion
Because of the dearth of naturally occurring taxa with well-documented evolutionary histories, laboratory strains of animals and plants having known genealogies assume a special role in certain types of comparative evolutionary studies requiring organisms of known degrees of relatedness. Among these model organisms, the laboratory mouse assumes a pivotal role because of the number of genetically well-characterized strains, the extensive amounts of genetic data at various levels of organization, and the known genealogies for many of the strains. Laboratory mice will become even more important in comparative studies of molecular evolution as a result of efforts to map the mouse genome. Significant amounts of new genetic data which can be used in evolutionary studies (e.g., see Dietrich et al. 1992 ) are appearing at regular intervals. Indeed, the laboratory mouse is the only organism for which one can effectively incorporate extensive data at the level of DNA sequences, RFLPs, major nuclear genes, mtDNA, X-and Y-chromosome sequences, and morphology for a number of genetically divergent taxa.
The present analyses expand discussions about concordance of phylogenetic trees based on different algorithms. With the inclusion of the loss-parsimony analyses, we can expand our findings elsewhere (Fitch and Atchley 1985, 1987) to show that these data give topologically almost identical trees when unordered parsimony, loss parsimony, UPGMA, EVOLVES, neighborliness, and Distance Wagner algorithms are used. Thus, these data are very robust for resolving questions about both the relative information content of different types of data, and the number of characters needed to accurately describe the phylogenetic relationships among taxa. Analyses of this extensive set of 144 nuclear gene loci, when coupled with genetic data on the Y chromosome, provide answers to questions about the mechanisms underlying the observed patterns of genetic divergence among inbred mouse strains. The degree of concordance between results of the loss-and unorderedparsimony analyses and the known genealogy suggest that the patterns of genetic divergence among the inbred mouse strains fit quite well to a segregation-of-residualheterozygosity model. The assumptions of this model are that genetic divergence among the inbred strains has occurred as the result of segregation of residual heterozygosity, a small number of founder animals, no new mutations, and irreversibility of allelic loss.
In addition to providing information about the mechanisms underlying evolutionary divergence, these analyses also expand the phylogenetic information based on different types of genetic data reported initially by Atchley and Fitch ( 199 1 In addition, these analyses clarify the interrelationships among inbred strains of mice, particularly those with obscure origins. These analyses provide new evidence about the genetic composition of some of the early stocks of mice from which the current inbred strains were produced. For example, figure 3 suggests that the original Castle stocks were heterogeneous for the type of M. musculus Y chromosome they carried. All of the stocks analyzed here which were derived from Castle's stocks exhibit the Ml-type Y chromosome, except for DBA/ 1 and DBA/ 2, which have the M2-type Y chromosome.
The DBA stocks were produced from Little's dba line which was, in turn, derived from the Castle stock (Morris 198 1) C3H and CBA were produced out of the same litter of a cross between a female of the Bagg albino stock (which later produced BALB/c by inbreeding) and a male from the DBA line which has an M2 Y-chromosome.
The I and DBA strains exhibit close genie similarity (D = 21.1 between I and DBA/2) but exhibit incongruity in Y chromosomes. This can be explained by the assumption, given above, that the original Castle stocks, from which many inbred strains of mice arose, were heterogeneous for the type of Y chromosome. Similarly, ST is genitally most similar to AKR and RF but differs in the type of Y chromosome. An explanation for the latter is that ST resulted from a cross between a Danish male mouse carrying a European M. domesticus Dl Y chromosome and a female mouse of either AKR or RF. In several instances, these analyses provide significant data for resolving questions about the genealogy of mice of uncertain origins. This is particularly evident for the case of RF (derived from the same stocks as AKR and not from Swiss mice) and BUB (derived from SWR or SJL). In other instances, these data point out interesting problems that might be pursued with some of the more analytical tools available from molecular biology. There is genetic evidence in some of these analyses that mixed stocks may have been involved in the origins of some strains, e.g., NZB. Subsequent analyses involving additional strains may resolve some of the questions raised here or point out new genealogical affinities.
Elucidating the affinities among these inbred strains of mice is more than simply an intellectual exercise. The widespread use of these organisms in research in many disciplines would be facilitated if the genetic affinities among these and other inbred strains were better understood. This is necessary if more sophisticated experiments comparing strains of known relationships and genetic similarities are to be devised.
It should be obvious from these and related studies that the inbred strains of mice provide a powerful paradigm for resolving certain types of evolutionary questions, such as how to determine the relative efficacy of phylogenetic algorithms and the relative information content in various types of genetic data. Further, because of their hybrid origins, the inbred mice provide an excellent source to examine problems in reticulated evolution.
From an evolutionary perspective, the results given here provide additional information about the power of these types of analyses and data to resolve phylogenetic questions.
The power of these data is generally impressive in terms of their ability to recapitulate the known genealogy of these mouse strains. This is arguably the most extensive set of genetic data available to test certain types of phylogenetic hypotheses. However, even data as extensive and robust as these still cannot resolve certain thorny phylogenetic problems, such as when an inbred strain is of mixed ancestry. Questions involving reticulated evolution ( hybridization ) have been inadequately studied in phylogenetic inference. Reticulated evolution no doubt occurs as the result of crosses between divergent populations and subspecies in animals and is well documented to occur in higher taxa in plants. With the inbred mouse data, we have documented instances of its occurrence so that the genetic aspects of reticulation and its impact on phylogenetic inference can now be studied in detail.
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